A double-drive feed system has the characteristics of complex loads and multi-thermal sources, so the dynamic performance of the feed system is a thermal-mechanical coupling problem. In this paper, the mechanism of the thermal-mechanical coupling effect on the vibration of the machine tool feed system is discussed. The effect of the thermal-mechanical coupling effect on the dynamic performance of the feed system was analyzed by experimental data, as well as the influence of the coupling effect on the structural deformation. The above results showed that a rising temperature made the natural frequency of the system decrease and the vibration amplitude of the feed system increase with a maximum rate of increase up to 14.06 ％ . Through experiment and simulation, the dynamic simulation and analysis method of the thermalmechanical coupling of a machine tool feed system are shown to be rational and feasible.
INTRODUCTION
In recent years, research on solving the phenomenon of machine vibration has mainly depended on improving the stiffness of machine tools. In general, machine tool stiffness includes static stiffness, dynamic stiffness and thermal stiffness. Dynamic stiffness is an important factor affecting the structure of the machine tool due to the change of cutting force [1] . Thermal stiffness is the ability to resist heat distortion. In a precision, numerical control machine tool, the thermal error accounts for 60% ~ 70% of the total errors [2] . In addition, thermal-mechanical coupling stiffness has a great influence on the dynamic performance [3] . Therefore, research on the vibration of the machine tool is the problem of actual dynamic stiffness and thermal-mechanical coupling stiffness [4] [5] . Figure.1 shows the structure of machine tool's feed system. Figure 1 . Double-drive feed system Double-drive technology puts the movement of the components between the two ball screws and forms an ideal and virtual center of gravity. It is an excellent way to restrain the vibration and bending of the ball screws, even if the movement components are in high-speed conditions. The center of gravity will not change; thus, they achieve a stable drive [6] . The center of gravity driving is a technology based on the development of mechanical motion dynamics theory. Y Tian [7] thought that the driving force in the machine process is not very accurate at the center of the movement. Therefore, at a high cutting speed, especially in larger feed rate conditions, there is a trend to reverse the movement.
Up to now, research on the double-drive feed system has mainly concentrated on dynamic performance and thermal performance. YangJ [8] analyzed the temperature field and thermal deformation of the double-drive feed system of the machine tool under different working conditions, and obtained the ideal prediction results. Heiseu [9] measured the temperature field by an infrared thermal imager, and the relationship between the thermal error of the feed system and the temperature of the key points has been established. However, the vibration and thermal analysis of the feed system are mostly confined to the structure field, which ignores the effect of thermal-mechanical coupling on the vibration of the feed system during the machining process, and it is difficult to reflect the vibration performance of the feed system. In this paper, the influence of thermalmechanical coupling on the dynamic performance is discussed. Additionally, the comparison between simulation and experiment is analyzed.
MATHEMATICAL MODEL

Heat source analysis of double-drive feed system
The main heat sources of the double-drive feed system are as follows: (1) motor heating power, (2) rolling guide rail and the slider friction heat, (3) ball screw and nut friction heat, (4) bearing friction heat. As is shown in Fig.2 , the heat transfer model is complex due to the friction and combination of the components in a double drive feed system. In this model, the sources of heat are composed of four parts: two servo-motors, four guide rail-sliders, two screw-nuts, and four ball bearings, followed by Q1, Q2, Q3 and Q4. It is necessary to study the capacity of heat sources and the temperature, which is a vital basis for investigating the thermal force coupling mechanism of the double-drive feed system. 
Temperature field analysis theory
Generally, the finite element method and finite volume method were used to simulate the temperature field of a CNC machine tool feed system [10] . In this paper, the finite element method is used. The temperature field of doubledrive feed system analysis of the finite element and the equation are:
For the temperature field of the double-drive feed system, the elements of [Kt] 
Dynamic performance analysis of the thermal-mechanical coupling of the machine tool's feed system belongs to the research field of multi-discipline integration, which is related to the structure, temperature field and vibration, so it is necessary to analyze the relationship among them. Figure 3 shows the effects of thermal-mechanical coupling for the machine tool's feed system. In processing the feed system, the stress produced by the structure field is coupled with the temperature field generated by the heat, which affects the mechanical properties of the feed system, causing the influence of the vibration [11] . In order to facilitate the analysis, the coupling problem of the structure field, temperature field and mechanical vibration for the machine tool's feed system is divided into three submodules [12] , which include the dynamic performance problem, the thermal-mechanical coupling effect problem and the thermo-mechanical-coupled vibration problem and its direct or indirect coupling between the sub-modules [13] [14] .
Effect of thermal-mechanical coupling on dynamic performance of feed system
Analysis for thermal elasticity and the coupling relationship between temperature field and strain of the feed system are determined by the Eq (5):
where
The intensity of the coupling relationship between the temperature field and the strain in the structure field is expressed in the double-drive feed system [15] [16] .
Based on the theory analysis of the thermal elastic mechanics, the influence of the thermal-mechanical coupling effect is considered, and thus the relationship between the structure field and temperature field of machine tool's feed system can be expressed by Eq (7) and Eq (8). 
FT and MT are the additional internal force and additional torque of internal structure of the feed system caused by the increasing temperature respectively. 
F T x y z t dt h M T x y z t dt h
The Eq (9) shows the coupling relationship between the temperature field and structure field. Mechanical vibration in the process of the machine tool's feed system is as follows: 1) Temperature field results: the temperature will affect the structure deformation, stress and the vibration amplitude of the feed system.
2) Structural field results: Deformation of feed system's structure will lead to a change of the temperature field and temperature load, and the vibration mode shapes are also affected. They can be obtained the thermal-mechanical coupling effect between the temperature field and structure field. Herein, the influence of the thermal-mechanical coupling effect must be considered in the dynamic performance of the machine tool's feed system. Figure 4 shows the test bench, which comprises the mechanical part, the temperature measurement part, and the feed system axial displacement measuring device and the control-display part.
EXPERIMENTAL PART
After the temperature of the test point of the machine tool feed system reached the thermal equilibrium of 40℃, the results of this experiment were obtained by comparison with the same position in the two ball screws. The maximum value of temperature T1, T2, T3, T4 and the maximum deformation are shown in Table 1 . The speed of the ball screw is 500rpm. The temperature of the measuring points from ball screw 1 is larger than that of ball screw 2. The influence of thermal-mechanical coupling on the structural deformation is more important than simply considering the deformation caused by force or heat respectively. Under the same working conditions in this experiment, according to the simulation model of the feed system of machine tool, the simulation model of the ball screw 1 is established in this chapter. The results are shown in Table 2 and Table 3 . It can be seen from Table 2 and Table 3 that the temperature values, deformation values and relative errors between the experimental values and simulation model values are not great, which also further proves that the simulation modeling and analysis methods of thermal-mechanical coupling of the machine tool's feed system in this paper are rational and feasible.
In order to explain the effect of heat on the dynamic performance of the feed system, a vibration experiment of the system was carried out to measure the amplitude and natural frequency of the system. The test system is shown in Figure 5 . Table 4 shows that the natural frequency of feed system is reduced with the heat impact of the screw. With the thermal deformation of the screw, the tensile force is reduced, but the stiffness of the screw and the frequency are decreased. The dynamic experimental amplitude of the feed system under the initial condition (a1, b1, c1) and thermal equilibrium (a2, b2, c2) are shown in Figure.6 . Compared with the results of the finite element calculation and experiments, the errors are not great, so the accuracy of the analysis is reasonable. It can also be clearly seen that the amplitude of the thermal equilibrium is significantly higher than that of the initial state in the x, y, z directions for the feed system. 
Steady analysis of thermal-mechanical coupling vibration of feed system
Transient analysis of the thermal coupling vibration of the feed system
As shown in Figure 7 , the transient analysis of the feed system coupled with the thermal-mechanical vibration includes the formulation of transient analysis time, the simulation of the transient process and the result of thermal mechanical coupling. Four coupling steps as shown in Table  5 have been selected for dynamic analysis of transient thermal coupling, and the results are shown in Figure 8 . 
Figure 8. Transient dynamic amplitude contrast
As shown in Figure. 8, the vibration amplitude increased with the increase in temperature. When the frequency is higher, this phenomenon is more obvious. The heat source is mainly caused by the ball screw rotation of the bearing before the thermal balance. The above analysis results show that before the double-drive feed system reaches a thermal steady state, as its thermal energy continually transforms into mechanical energy, the vibration amplitude increases, with the maximum rate of increase up to 14.06%. As a consequence, the effect of thermal-mechanical coupling must be considered in the process of optimizing the structure of the feed system.
CONCLUSIONS
Regarding the problem of a double-drive ball screw feed system, this paper studies the thermal-mechanical coupling of a double-drive system, and analyzes its dynamic characteristics and thermal characteristics. The simulation modeling and analysis method of thermal-mechanical coupling of the machine tool's feed system in this paper are rational and feasible. From the results, the following conclusions can be drawn:
(1) Temperature increase and deformation between the ball screws 1 and 2 are different. The temperature of measuring points from ball screw 1 is greater than that of ball screw 2.
(2) The frequency of the double-drive feed system can be increased without considering the thermal mechanical coupling. The first order natural frequency increased from 104Hz to 112Hz and second order natural frequency increased from 128Hz to 140Hz.
(3) The thermal deformation can cause pre-tension deformation of the ball screwto a lesser extent, and the amplitude of the system is increased by 14.06%.
(4) The study of the influence of thermal-mechanical coupling on a double-drive feed system provides an important theoretical basis for multi-objective optimization design of the double-drive feed system of machine tools.
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